Objective: To identify the most common methods used by surgeons to place fingertrap sutures (FTS), and determine their influence on the biomechanical properties of constructs.
| I N T R O D U C T I O N
Finger-trap sutures (FTS) are commonly used to secure temporary tubes and catheters to the skin. 1 They are designed to tighten as tension is applied, ideally providing security without constricting the tube lumen. 2 The FTS has also been referred to as the Chinese FTS, [1] [2] [3] [4] [5] [6] Roman sandal suture, [7] [8] [9] or Roman garter suture. 10 Alternative methods to secure tubes such as adhesive tape and circumferential sutures are less effective. 1 Different techniques have been reported to tie FTS 1,2,4,6,7 but descriptions are unclear and their relative efficiency is unknown. This gap in knowledge may increase complications such as premature displacement, tube kinking, obstruction, and tube migration. 2, 8, [11] [12] [13] [14] Gastrostomy, enterostomy, or thoracostomy tube disruption can result in peritonitis 12 or pneumothorax, respectively. 13 One study reported thoracostomy tube complications in 22% of cases, including a dog with fatal pneumothorax. 13 Replacing dislodged catheters and tubes increases patient morbidity, treatment cost, is time consuming, 1 and often requires a general anesthetic. FTS have been compared with other suture types. They were faster to place and allowed a longer displacement at failure than a friction suture tested under axial loading. 2 Ricker et al 15 found no difference between 3 patterns of FTS, testing 2 types of catheter material and 2 suture materials. 15 In this study, the surface characteristics of a tube altered the coefficient of friction between tube and suture, and the ability of the arms of the FTS to slide over each other at suture intersections, affecting the grip of the tube by the suture. However, the FTS patterns investigated were not well justified and several variables were altered, affecting the strength of conclusions. Finally, the materials used in the study are not commonly used in current clinical practice (eg, braided nylon and narrow 5 French diameter tubing). The aims of this study were to determine which patterns are most frequently tied by surgeons using a questionnaire, and then to determine whether a particular pattern outperformed the others using distraction to failure mechanical testing to mimic the tube being accidentally pulled or intentionally disrupted by the patient. We wished to design a study comparing relevant materials commonly used in veterinary patients for the most frequent indications to secure a tube. We hypothesized that we would identify at least 1 FTS pattern that resists greater loads and prevents slipping compared to other commonly used patterns and aimed to publish clear guidelines for tying the best performing patterns.
| M A T E R I A L S A N D ME T H O D S
A questionnaire was circulated by the Association of Veterinary Soft Tissue Surgeons and the Veterinary Society of Surgical Oncology to member veterinary surgeons, including ECVS and ACVS diploma holders. Participants were asked to describe their preferred method for placing FTS, current indications for and complications experienced with FTS (Appendix A). The term "square knot" was defined as a single throw, followed by a second throw in the opposite direction. 4 A "surgeons' throw" was defined as a double throw. The term "surgeons' knot" was defined as a double throw (or surgeons' throw), followed by a single throw in the opposite direction. ) and questionnaire (Patterns B, C, and F) (Appendix B). Twelve sutures were tied for each of the 6 patterns using 3 metric nylon suture (Ethilon; Ethicon, Johnson & Johnson Medical Limited, Wokingham, United Kingdom). All sutures were tied using a 2-handed technique by the same investigator (KP). A suture loop was created around a 5-mm diameter steel cylinder (representing the skin attachment of the FTS) and a square knot created leaving suture ends of equal length. The suture ends were tied around a 20 cm length, 18 French diameter dedicated esophagostomy polyurethane tubing (Esophagostomy tube E1380, MILA International, Inc, Erlanger, Kentucky). Each throw or knot was tightened to slightly indent the tube without occluding the lumen. A total of 6 repeats (number of throws or knots along the top surface of the tube) was created for each pattern.
| Part 2: Comparison of number of repeats
Testing of patterns B and D using 2, 4, and 8 repeats was also performed (n 5 8 for 2, 4, and 8 repeats for each pattern; total 5 48 constructs).
Samples were held between 2 mounted grips in a materials testing machine (Instron 3367; Instron, High Wycombe, United Kingdom). A 6 cm section of the tubing was fixed in the clamp at the top of the machine and the suture loop beginning the FTS was secured to a grip at the bottom of the machine. A ruler was positioned adjacent to the suture construct. The distance between the 2 grips was adjusted to hold the suture construct taut with minimal force (Figure 1 ). The samples were loaded to failure through axial loading, with a F IG UR E 1 Experimental apparatus. The sample is held in mounted grips on the Instron machine with a ruler adjacent to the construct continuous distraction force at a rate of 6 mm/min. Experiments were video recorded for analysis. Displacement and force data were measured using computer and data acquisition software (Bluehill 3; Instron). Variables recorded were maximum load to failure (N), energy at failure (J), and extension at maximum load (mm). Suture slippage of the first knot of the FTS and failure mode was measured by analyzing the video recordings. Load extension graphs were plotted and stiffness was calculated using the gradient of the linear aspect of the graphs. Failure mode was recorded as suture slippage if the suture slid over the tube more than 40 mm. The location of suture breakage was recorded.
| Statistical analysis
Data were recorded as mean 6 the standard error of the mean. Statistical analysis was performed using SPSS for Windows (version 21; IBM SPSS Statistics, Chicago, Illinois). A 1-way ANOVA was used to compare values of load at failure, energy at failure, and extension at maximum load between the 6 methods with post hoc least significance difference analysis performed where P < .05. A 2-way repeated measures ANOVA was used for part 2 (comparison of the number of repeats).
| R E S U L T S
Twenty-seven questionnaires were returned. The most common indications for FTS included: to secure feeding tubes (n 5 25), chest drains (n 5 22), abdominal drains (n 5 21) and wound drains (n 5 9), cystostomy tubes (n 5 2), nasal oxygen tubes (n 5 2), and urinary catheters (n 5 2). The most frequent complications are listed in Table 1 , with the majority of surgeons being concerned about tube displacement or removal, suture breaking or loosening, and infection at the tube entry site.
Nine methods were described for tying FTS (Table 2) . One was discounted since it was not a self-constricting dynamic suture. Two methods were excluded because they were only described once. Six methods were investigated ( Figure 2 ). The most popular methods were pattern A (n 5 8/ 27) and pattern D (n 5 7/27).
| Part 1: Comparison of suture patterns
Maximum load to failure (P 5 .51) and energy at failure (P 5 .052) did not differ between patterns. Patterns A, B, C, and D were associated with less suture slippage than E and F (P < .001, Figure 3 ). Patterns A and D were stiffer than pattern E. Patterns A, B, C, and D were stiffer than F (P 5 .012, Figure 4 ). Less extension was recorded for patterns A and B compared with patterns E and F. Pattern F had more extension than patterns A, B, C, and D (P 5 .002, Figure 5 ). The majority (87.5%) of FTS failed by breaking at the suture knot representing the skin attachment (n 5 63/72). The FTS slipped over the tube with patterns E (n 5 4/72) and F (n 5 5/72) (P 5 .03).
| Part 2: Comparison of number of repeats
Repeat number did not influence the maximum load to failure ( Figure 6 ), energy at failure, suture slippage ( Figure 7) , extension or stiffness. Almost all (99%) of the FTS failed by breaking of the suture at the first knot representing the skin suture, (n 5 45/46); only pattern B had 1 example where the suture slipped over the tube.
| D I S C U S S I O N
We were able to identify 9 methods used by surgeons to place FTS, including 2 most popular patterns, based on our questionnaire. No difference was detected in the mechanical performance of patterns A, B, C, and D. Patterns E and F did not perform as well as the other patterns, due to suture slippage and consequent increased extension. In the second experiment, the number of repeats had no effect on the mechanical behavior of the 2 suture patterns tested. The majority of constructs failed by the suture breaking at the first knot rather than by slipping off the tube. This implies that the chosen suture pattern may be less important than the material properties of the suture, except where the pattern is more susceptible to slipping (patterns E and F).
The optimal stiffness of a FTS construct is unknown and may be of limited clinical relevance. Ideally, suture materials should be flexible enough to facilitate placement and knot tying, 16 but have enough stiffness to avoid stretching under physiological loads. 17 In a previous report, 2 the authors speculated that tube securing techniques with a high peak axial force or larger displacement to failure were more secure. Failure was defined as the first sign of suture slippage, suture breakage or tube breakage. Another study set a failure limit of 100 mm distraction. 15 The term displacement, distraction, and/or extension refers to the amount a material is stretched when loaded during mechanical tests. For a FTS construct, this variable is quite complex as it is altered by a combination of the suture material and tube material properties. The degree of extension of a FTS construct that would be acceptable in the clinical setting has not been established, prompting us to select suture slippage as a more appropriate variable in out study. While slipping of a tube through an anchoring construct is generally undesirable, the amount of tube displacement or slippage through a FTS that would be clinically relevant is also unclear. In our study, the maximum suture slippage (40 mm) defined as failure by suture slippage is more stringent than previous reports, but seemed more clinically applicable. We also noticed on video footages that all sutures failing to grip for 40 mm continued to slip until the entire tube pulled through the FTS. We attribute the inferior performance of patterns E and F to 2 main factors. First, placing throws on opposite sides of the tubes in these 2 patterns prevented the suture from lying adjacent to the tube wall, which we suspect prevented adequate friction with the tube as it was pulled. In addition, maintaining tension along these entire patterns seemed difficult, and we speculate that uneven tension may have affected the performance of patterns E and F. While long-term experience tying these constructs could mitigate this problem, the mechanical performance of these patterns in our study prompts us to recommend against the use of patterns E and F for securing indwelling tubes. The mechanical influence of number of repeats along the tubes was tested in patterns B and D, based on their consistently good performance in the first part of the study. The mean slippage of the patterns did not seem affected by the number of repeats in our study. However, the failure by massive slippage in 2 of the constructs with 2 repeats justifies that a minimum of 4 repeats be used to improve reliability of FTS.
Monofilament nylon was selected because of its common use to suture skin incisions and secure tubes. Absorbable multifilament materials have been tested to create FTS 15 but were not selected because these materials degrade, can wick fluid and bacteria. By contrast, monofilament nonabsorbable suture is considered the material of choice when placing extracorporeal anchoring constructs for tubes. 1, 2 Common clinical applications guided our selection of 3-metric material 1,2,15 and 18-French diameter custom manufactured polyurethane esophagostomy feeding tubes for our constructs. Securing feeding tubes was one of the most common indications for FTS in our survey, and these tubes are frequently made of polyurethane. In a previous investigation French (gastrostomy), and 24 French (thoracostomy) tubing were used. That study found that the 8 French diameter tubing was more prone to tube breakage than tube slippage or suture breakage. Although infrequently used, 5 French diameter tubing has been reported to fail by deformation due to its small diameter. 15 The optimal force required to achieve slight indentation of the tube while tightening a FTS varies depending on tube material, wall thickness, and diameter. Our data cannot be extrapolated to consider different tube and sutures materials, diameters or clinical performance in vivo. Although we did not measure the force applied while placing knots, the same board certified surgeon with several years of experience tying FTS created all constructs, to minimize variability in the study. Further investigation would be necessary to determine differences between surgeons. Axial loading was selected to test the biomechanical properties of constructs to simulate the force exerted by a patient pulling on the tube, or during entrapment of the tube. Forces other than axial distraction may be exerted on FTS in the clinical setting, but these have not been investigated. Most of our suture constructs failed by breaking at the first knot, confirming previous reports where sutures were anchored to the skin of cadavers 2 or leather pieces 15 rather than a direct attachment to the base of the materials testing machine. In those reports, none of the sutures pulled out of the skin or leather. Therefore, we removed this additional variable to strengthen our comparison between suture patterns. When a suture material is knotted, it can be weakened by 10%-40% 18 due to shear stresses between the loop and the first throw of the knot. 19, 20 Any pattern capable of resisting significant slipping of the tube through the FTS may therefore be an acceptable clinical choice, if the first knot is the weak point. In that context, selecting the strongest construct would not be detrimental and would in fact, maximize resistance to tube pullout. Cyclical loading, cadaveric or live animal studies may provide further information on the mechanism of suture failure. This study describes methods currently used by veterinary surgeons to place FTS patterns using clinically relevant suture and tubing materials. For the first time, our results document the influence of FTS patterns on the mechanical characteristics and failure mode of the constructs. Based on these results, patterns E and F are contraindicated, due to the risk of suture slipping. The number of repeats may not affect performance of a FTS, but we recommend that a minium of 4 repeats be placed. Overall, patterns B, C, and D created with 3-metric nylon suture were most effective at securing 18-French feeding tubes. Surgeons should be aware that the tying method for FTS affects the mechanical behavior of the constructs and failure mode. This study serves as a foundation to explore other tube and suture constructs. 
APPENDIX B: FINAL METHODS
All methods start with 2 square knots to make a suture loop representing a skin suture, leaving equal lengths of suture to tie around the tube. All sutures are tied to the tube with enough tension to slightly indent the tube. All patterns finish with 2 square knots on top of the final knot or throw of the pattern.
Method A: Knots and criss-cross alternating
Tie the suture ends to the tube with a surgeons knot. Crisscross the suture ends under the tube and then tie the suture on top of the tube with a surgeons knot. Repeat the criss-cross with surgeons knot another 4 times, making a total of 6 knots on the top of the tube.
Method B: Single throw and criss-cross alternating
Tie the suture ends to the tube with a single throw. Crisscross the suture ends under the tube and then place a single throw on top of the tube. Repeat the criss-cross with single throw another 4 times, making a total of 6 throws on the top of the tube.
Method C: Single throw and criss-cross alternating
Tie the suture ends to the tube with a double throw. Crisscross the suture ends under the tube and then place a single throw on top of the tube. Repeat the criss-cross with single throw another 4 times, making a total of 6 throws on the top of the tube.
Method D: Double throw and criss-cross alternating
Tie the suture ends to the tube with a double throw. Crisscross the suture ends under the tube and then place a double throw on top of the tube. Repeat the criss-cross with double throw another 4 times, making a total of 6 throws on the top of the tube.
Method E: Single throw both sides
Tie the suture ends to the tube with a single throw. Instead of criss-crossing the suture ends under the tube place a single throw, pass the suture to the top of tube and place another single throw. Repeat single throw both sides of tube another 4 times, making a total of 6 throws on the top of the tube.
Method F: Double throw and single throw alternating
Tie suture ends to the tube with a double throw. Instead of criss-crossing the suture ends under the tube place a single throw, pass the suture to the top of tube and place a double throw. Repeat single throw under tube and double throw on the top of the tube another 4 times, making a total of 6 double throws on the top of the tube.
